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RESONANTLY ENHANCED VACUUMULTRAVIOLET GENERATION AND
MULTIPHOTON IONIZATION IN CARBON MONOXIDE GAS”;’

James H. Glownia and Robert K. Sander
University of California, Los Alamos National Laboratory

Los Alamos, New Mexicc 87545

ABSTRACT

Competition between three-photon resonantly enhanced vacuum
ultraviolet third-harmonic generation and six-photon multiphoton
ionization using the A state in gaseotis carb~ monoxide is ohserved.
Excitation spectra of the third-harmonic emission exhibit increasing
blue shifts and broadening with increasing pressure due to the phase
matching requirements. Estimates for the efficiency and tunability
show that third-harmonic genera~ion in carbon monoxide molprulcs is ;J
promising source for coherent vacuum ultraviolet light,

INTROIIUCTI(LY

The attraction of using molecular v;lpors as a non] inf,lr medium

to ~~llrrnte vacuum ll]trdvlf-)l~t (\’lh’) rfid]a~io[l I]as rerelllly hrLIII
rcviewrll hy Rallacc, 1 lkspit~ tllr r-onveni(’nce of h,aving ii fixe’li gas
for thr Ilorllil]ear m(’(lium, sillglr lrrqu~ncv pllmp sourct=s, iIIIIl Kldf’

tunability rfufl to thr widLh al)d numhrr of” molrclllal- vihrnnir IJ,III(IS,
011ly onr dcliiiled a(count of third-harmoIlic generation (TIIG) ill
molrru]es has I]ern putllishrd.2 Jr] Lhifl sludy, two and thr[’r-]ltl[)lf]r]
resonantly erlhiin~ttd THG in nitric oxidr was rrpnrtrrf. W(’ rrp(trt tlItI

ol)servat ior] of t}lr~e-ptlolon rcsori:~rllly enhall(r(i THG througtl 111(1A1lI -

X12 transition) (fourth posilivr system) 0! Cilrllorl monoxid(’ (C(l) gas.
in addition 10 rfrtrcling VW’ radiation wc sinlu]Lanrous]y rr(’url!
signill~ from A)ll-resonantly enhanced six-pllolon mulLiphoton ioniz~-
ti(~n (P1l’1), Rrsults of such sLudies in xenon 3*4 h;lvr shown ~ha~ THG
anll M1’1 (.nrl hr romprlitive processes. Wr report similar findings
whrre it is ol)srrved that signals dur to HP] disappear a( wavrlcngLhs
to the blur rrf the R-head in the CO A slalr and, ronrurrrnt]v, in-
tcrlsr VIN’ tllird-harmonir radiation is rfFLcctc(] ill thr forward dirrc-
tion.

Ilcs])itr thr fart that nonresonant THG in CO has failrd in Lhr
past,:’ 11 was chosen in the prpsent study for a numllcr of rrasons ,
It is n Rasrous material and process~s competing with Lllir(l-hnrm(]lli(
emissiorl arr suppr~ssecl. Its high iolliziit ion poLenti;~] (14,01 ~I\’)t”’
and high (Iissociatio,l limit (11.11 rV)7 mtikr tllrsr twt) pro(rssrs
highrr ordrr anrf tlerefor~ unlikely irl thr wnvrlcl~gth rr~iorl III

inLerest . Furcilrrrnnre, it was frlt tl~:it hy using thr r-rsoIIiIIIt crl-

hnncement dur to lhc ~trong lran:.itiorl dil](llr of thr A :;t:ltr,H JII
rffirirnt IVV rndint ion suurrr ~oulff i)- l~rodu(.rtl using ]}t~wrr~lll
dyr-lasrr pump sourcrsm Finally, lhr rxlrrlsivr Fr;lrl[k-(;orl(l[lll rrlvr-
lnpe of l.hi~ ~rnnsitinll providrs a widr lul)il~g r.lll~c.

‘rWork performed undrr t.hr ~llspicrfi of ihr IIS 1)01;.



EXPERIMENTAL

The experimental apparatus, shown in Fig. 1, is similar to that
used by Miller et al.3 It consists of a four-way cross connected to
a vacuum system. The output of a frequency-tripled Nd:YAG laser
(Quanta-Ray DCR-1) pumped Coumarin 440 dye laser (Quanta-Ray PDi.-l)
is focused by eilhex” a 75- or 100-mm focal length lens LO d vaisl

calculated LCI he alJouL 10 pm, Tile !ascr 111)x in the focal VOIU:G1’w~is
on the order of 1029- 103[) photons cm-]s-]. PhoLoe]ectrons rtlslllLiriF
from the PIP] process are monilnred WIL]l a fliiL-plaLe platlnum tcJ]]rc-
tor. Amplification occurs hy an (=It=clron avalanche in the Cll E;IS 1111(

to a negaL]vc hiJs of .zOL3-”]0() L’ 011 Lhr oLt:cr plaLIIIUm plaLr. \“Jrulllll
L]v ,adiatlOl, Carl pass L}lro,,gh ~ ]<1]’ ~i,l~j~~ i[ltc) a di~f~rrnLj.l]]~,

pumped iiv~>-~ay c ross fil]pd with argnrl coUnLlr]g Eas aL 0.5 Torr, ]1
V[h’ light strikes tht’ rleg:lti”.~cly I,i,ls(,il t.lrlL,!lum ful], tll(’ (’,I(I(L(I

plloLot’l~ctror]s iire ct)]ldct[’d will) ,+rlflLll(’r l].lL-]l)ate p]t!L ;IIIIIII (’if’( -
Lrl)(lc, I’h(’ L.lnt.llunl foil (work tl)r]([l,,l, +,1 ,,\’) IS ,irlg] (’,1, WIII(II

]r!L(’lls( ll)l(’]l(,l-lrl~ !11’1 slprl,ll:. 11111 1 ! .ll”l)\lll\”l l’(IIII 1)(,:111,I!. 11.11
;ll,

kllllll tl,l\.1 llt.gll~lllll, \’.lll(ll” Ill”t,$!!lll l:. ,11 1!!” : I W]i(,l’,l!lll”(, .
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l:i~. 1. St 11(’111.111(” tlii!~t’arll !)f 1II(’ {’XI)(’I Im(’1ll.l I ,11) 11.lr, l(lls 11s(’11 10
m(~,lslllr [tIt* Nl)[ ;Illi! llllf”(l-tl.ll.mol)i( L’IN’ r;l(ll,~l 1(111, ‘1’11(’ Illlmll

l,ls( ’1” f’illl ills(l I)(” l)t~sl[ lt)llt’(1 ;It qo” wlltl rrsl~rt[ lt) tilt’
[Irlf”( tot’.

“1’1111{1)tlAttN[)Nl(’ (;lNt RA’I’lo N ANI) PlllI:I’ 11’111)’l’~)ti IONIZA’I’I(JN

tIKIIrr 2 shnws L4r Pi]’] 11111‘HI(; rx( ililtloll SIIfS(tr iI Ior LIII~ v’ - I

iln(l v’ = 2 vihrol)i(. lrvrls o! LiIr A st~l~r’ .11 J ‘~~) prrssurr (II 10

“1”(1r r ‘1’)IIs inlliz:ll iorl si~llllls ;lrr IIllr 10 tlll”r’f’-lllloll lll i\’11 I’f’s{)llilflt IV

Cllllilll(f’tl six-l)ll~)tdl) M1’1 , Thv si~ll.lls at slohhcr 1,1s!’1 lJ:lV(’]f’llKtll S(’.lll



speeds show the anticipated rotational strur Lure. k To the blur of
the R-head, ionization signals can no Iol)ger be detected, and only
signals due to VIJV radiation are observed. The V1.11’ lighL is oniy

detected in the forward direction wilh re%pect to the pumJI las(’r.
The ●xcitation sprctrurn exhibits increasing blue shifts and lliil]ll-

widths with increasing pressure. “Illis is shown in Fig. 3. ;,1s(1
apparen~ in Fig. 3 are sharp dips in Lll(” \l;V signal dlle to ahsfJrTltlflI;

by e 32 (v’= 4) rovihronic Jevels in CO,’; [“(Jl]flrIMing identif i(”.JLitJr: ~.1

the \lIL’ lighl as turlii~lJe monochromaLi(” Lh!r(l-harmonic emissl(,;l. “1,
accounl I“or simildr HP1-THG pnenorncna in x(’11011, a Lwo-]evel m(lllvl 11.1:

been USI’d. ”l “i’tl:s Lwo-JrveJ model invoJvek cutierrnt excital lrlr) III 1
group oi atums resu]tinR in a colJrction u! coupled fiIi)tJlrs kl,IrlI
emit to Lhr Rrr)Ulld sLaLF WiLh an ~nhilri~(id (l$~llliit(~r strellglll. 1/1:,, ! -

itativt’ly, Lhr ~iilli fr(’!lll(’llcy of lhe LIII-(’I’-]IIIIJLUII pum]~lflp 111 L!IIc I\l’

](wP] aIIIi Lh(’ killi frPlluPnry of ttll’ sLIIIIII1.ILf”Ii enllssll}rl lrI l!II ‘
RrOlllll! sl,lLt’ .Irl’ [“lJIIII](lII.

COMPETITION 9ETWEEN MPI AND THG
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1 II{” ’11 v’ = I ,11111

‘J%{” 111111” shi ~Ls and hr(l;ldrllin~ (II thr VIX’ I Ifihl WI ltl lll”rs!.lll”f ’

nrr ron%iht rnt wlt h t hr’ wnvr vr(’tor ]lhasr m;lt(llln~ 11”11111rrmvllt s. 12
1:1

‘[’III’ ph;I*r misma!. [”11 Ak mii~ II(I writtrn :IS

Ah = (III(II,,-II,r,, )/Al, (1)



Fig. 3.
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Excitation spectra of tl]t~ thirtl-l]~rmonic emissi(,n in th~
In “F = 2 level of CO dt prrssurrs VI 10 and 50
sharp dips in the’ ~1:~ rmi%s]on ar~’ IIIIC to st=lf
Ily rovibronic If’vels in ltlt~ (I ‘;i-(v’=4) band
monoxide ,

Torr. Tile
allsorpt ion
of Uilrh(lrl

ref riict fvt’ indices dL A and Ap/3 r~sprrtivc]y. ‘- ~.jork~{~nd’a has
[shown Lt]ilt the optimum p asp mismatch for f’ocusPLi beams has a small

nr~alivr valut-m III CO thr genrrated YIJV frrquvncy is highrr Lhan

Lhat o! Lhe vihrtmic levt=ls oi lhe A sLaLc, and, lherrfore, the
anomalouti tlisprrsion makes a negative Ak possible.

tlritsuremen~s of the mayimum T~!G output of C(J and Xe show Lhat
thry arr comparable, The efficiency for TIIG in Xr has been pre-

14 It is important to nolrviously rcportrd. thal Lhr efficiency for
T1!G ROPS as thr squure of th~ pump laser flux, thus increaspd THG
efficiency should be possible by raising thr Iasrr flux to the limit
of dirlrctrlc hrrakdown. Wr observed Lhat Lhis limit is noticeably
highpr in CO than Xe. Also, Lhr hi~her lfl vihrnnic ICVPIS up to thr
prrdissociation limit exhibit third-harmrtnir t=missinn, and tuning in
thr INMI-1500 # wavelength rc~ion is ohs~rvtvl as shown in Fi~. 4.

Ongoin~ ex~lrrim~nts ● re rxploring the USP of CO as a nonlinear
mrdium LO ~enrrate WV radia~ir)n in thr Lyman-ulpha wavrirRRth rt”-
Ri on, The V’= 14 level of ‘3C() is ideillly suited for this purposr,

Ilsing an injeclion-locketf XPCI last=r as ii source of 308 nm r:}”~ialion,
which IS a near two-photon A 111 (v’=(I) rrson~nt.r, togrt.hrr with
578 nm Ilhodami;le or copprr vapor lasrr photons, a powerfu] ]ZI(I X
stmrcr apprars feasiblr.



EXPERIMENTALLY OBSERVED THG OUTPUT
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Fig. 4. h’avelengths for which third-harmonic ,“tidiation hus lIer II
observed in C12(}]ti and for wllirh Lhi rd-harmonir slIou]d be
observrd in C]:’(l]b usill R a slllglr dyr laser as al I exe-i Lij -

Lion sourrr.

SWtwu’

In sunumry, i t has h~en shown that C(I vo])or ciin he usPIi LII

grn~rate cohrrent Lunah]c t’111’ radiation by Tllti using a single tuIIalIIL~
dye lasrr. ~Y simultaneously rrrording tlPl and TNG, il is found Lhfit
these arc competiti vc proccssrs. The shi fts LrI higher f requenrlrs

and th~ broadening of the Lhlrd-harmonic emission with increasing C()
pressure are found to be due to the phasr matching requirc!ments,

We art= indebLed to J. R. Ackerhalt for hrlpful discussions,
Research is sponsored by thr Department of EnrrRy under rontrac L
W-74(’)5-eng-36 with the University of California.
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